A convergent body of research shows that the hippocampus is involved in the pathophysiology of schizophrenia. 1, 2 Neuroimaging studies have consistently observed reduced hippocampal volume and shape deformities, [3] [4] [5] which have been related to learning and memory impairment. 1 Moreover, first-episode studies strongly suggest that the decrease in hippocampal grey matter is present at the onset of the disease, 3 which has often been interpreted as supporting a neurodevelopmental model of schizophrenia. Whether hippocampal loss continues in the chronic phase of schizophrenia has not been clearly established. Hippocampal volume reduction is more marked in patients with chronic illness than in those with a first episode, 6 and correlates with illness duration, 7 but the findings in longitudinal studies have been mixed. 8, 9 However, previous studies did not include patients over 60 years old, instead basing their conclusions on young and middle-aged patients. As a result of changes during neurodevelopment and psychosis onset, elderly patients with schizophrenia may have decreased brain reserve with increased vulnerability to age-related changes that target the hippocampus, 10 which may explain these individuals' increased risk of dementia. 11 In Alzheimer's disease hippocampal atrophy is a strong predictor of worsening cognition and functional impairment. 12 It remains unclear to what extent hippocampal abnormalities are also linked to functional and cognitive changes in elderly people with schizophrenia.
Three-dimensional morphometric analysis of the hippocampus may be more sensitive to structural abnormalities than volumetric analysis. 12 By precisely localising small subregional losses, hippocampal shape analysis may be more sensitive to age-related changes and can suggest specific pathological mechanisms underlying hippocampal loss in schizophrenia, of which several have been proposed. 1, 2 We sought to identify the presence of hippocampal morphological abnormalities as a function of age and the impact of such abnormalities on cognitive and functional outcome in people with schizophrenia. Patients with a diagnosis of schizophrenia as well as age-and gender-matched controls were recruited to undergo morphometry of the hippocampus (volume and tri-dimensional shape) to test the following hypotheses:
(a) the schizophrenia group would show a more pronounced effect of age on hippocampal morphometry than the control group;
(b) the effect of ageing on hippocampal volume would not be linear, with more pronounced reductions in older participants resulting in non-linear age trajectories;
(c) hippocampal changes would be related to general cognitive abilities, specifically memory, as well as to functional capacity in older participants.
Method
Fifty-one patients aged 19-82 years were recruited by the schizophrenia unit at the Hospital Clinic, University of Barcelona (Catalonia, Spain). The diagnosis of schizophrenia was confirmed by an experienced clinician using the Structured Clinical Interview for DSM-IV-TR Axis I Disorders (SCID-I). 13 Exclusion criteria were an existing diagnosis of organic mental disorder or intellectual disability, a primary diagnosis of disorder due to psychoactive substance use, or psychotic symptom exacerbation or
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Background
Hippocampal abnormalities have been demonstrated in schizophrenia. It is unclear whether these abnormalities worsen with age, and whether they affect cognition and function.
Aims
To determine whether hippocampal abnormalities in chronic schizophrenia are associated with age, cognition and sociooccupational function.
Method
Using 3 T magnetic resonance imaging we scanned 100 persons aged 19-82 years: 51 were out-patients with stable schizophrenia at least 2 years after diagnosis and 49 were healthy volunteers matched for age and gender. Automated analysis was used to determine hippocampal volume and shape.
Results
There were differential effects of age in the schizophrenia and control samples on total hippocampal volume (group6age interaction: F (1,95) = 6.57, P = 0.012), with steeper age-related reduction in the schizophrenia group. Three-dimensional shape analysis located the age-related deformations predominantly in the mid-body of the hippocampus. In the schizophrenia group similar patterns of morphometric abnormalities were correlated with impaired cognition and poorer socio-occupational function.
Conclusions
Hippocampal abnormalities are associated with age in people with chronic schizophrenia, with a steeper decline than in healthy individuals. These abnormalities are associated with cognitive and functional deficits, suggesting that hippocampal morphometry may be a biomarker for cognitive decline in older patients with schizophrenia.
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electroconvulsive treatment in the previous 6 months. A total of 49 age-matched healthy control participants were recruited from the same catchment area and screened with the non-patient version of the SCID.
14 Exclusion criteria included: a lifetime history of schizophrenia or other psychotic disorder, bipolar disorder, recurrent depression, or substance dependence or misuse; any of the following Axis II disorders -avoidant, paranoid, schizoid, schizotypal or borderline; a diagnosis of schizophrenia or other psychotic disorder in a first-degree relative; or a history of organic mental disorder, intellectual disability or head injury.
Following a complete description of the study to participants, written informed consent was obtained and protocols were approved by the Human Investigation Committee at the University of Barcelona and the Hospital Clinic of Barcelona.
Clinical and cognitive measures
A test battery was administered to all participants in a fixed order by an expert neuropsychologist (N.P). The test battery included a global measure of verbal comprehension, reflecting global IQ (the vocabulary subtest of the Wechsler Adult Intelligence ScaleRevised, WAIS-III-R), 15 and a verbal memory domain, the Rey Auditory Verbal Learning Test (RAVLT), 16 providing memory subdomain scores in learning (RAVLT -Total) and retrieval (RAVLT -Delayed). Demographic details, medical history and medication were captured through a structured interview. In older patients only (50 years or over) we used the Mini-Mental State Examination (MMSE) in its Spanish version and the Functional Activities Questionnaire (FAQ) to measure cognitive and sociooccupational functional status respectively. 17, 18 Symptom severity was assessed in patients at the time of scanning using the Positive and Negative Syndrome Scale (PANSS). 19 
Image acquisition and hippocampal segmentation
Images were acquired on a 3 T magnetic resonance imaging (MRI) scanner (Magnetom Trio Tim, Siemens Medical Systems, Germany). A T 1 -weighted structural image was acquired for each participant with magnetisation prepared rapid gradient echo (MPRAGE) three-dimensional (3D) protocol: time to repetition 2300 ms, time to echo 2.98 ms, 240 slices, slice thickness 1 mm, field of view 2566256 mm 2 , matrix size 2566256. Automated hippocampal segmentation was performed using a pattern recognition algorithm validated to extract hippocampi automatically from the high-resolution images. This algorithm computes whether a voxel belongs to right or left hippocampus based on its location and properties extracted from its local neighbourhood, such as intensities, gradients and curvatures across different scales. 20 Segmented outputs of the algorithm have been shown to have good agreement with independent hippocampal segmentations produced by human experts, 20 based on a standardised segmentation protocol (http://resource.loni.usc.edu/ resources/downloads/research-protocols/segmentation/hippocampusdelineation/). Total hippocampal volume was computed by adding the segmented hippocampi volumes. Total intracranial volume and total grey-matter volume were computed with Freesurfer (http://surfer.nmr.mgh.harvard.edu/) run on Linux (Cent0S-4 x86_64) and used to normalise hippocampal measures. 21 For shape analysis an initial 3D mesh representation of each hippocampus was constructed based on the segmented images. Direct hippocampal mapping was then used to map the segmented hippocampi into 3D shape representations robust to variations in orientation or position of the hippocampus across participants. 22 This procedure allows the determination of the radial distance or 'thickness' of the hippocampus at a particular point in its surface. A reduction in radial distance can be interpreted as evidence of atrophy. Automated segmentation and volumetric and shape analysis were performed in Laboratory of Neuroimaging (LONI) Pipeline following a validated protocol. 12 The T 1 images, hippocampal segmentation outputs and resulting shape analysis were submitted to manual quality control, inclusive of operationalised visual quality checks.
Statistical analysis
General linear modelling (GLM) was used to study the effects of age across diagnostic groups (schizophrenia v. control) on normalised hippocampal volume and shape (normalised radial thickness), with gender as covariate of no interest. The presence of differential age effects between the patient and control groups was assessed through the statistical significance of a clinical groupage interaction term. The presence of non-linear effects was assessed by means of analysis of variance (ANOVA) tests of nested models with successive addition of linear, quadratic and cubic effects. The resulting model fits were compared using F-tests to determine significant increases in explanatory power justifying the addition of new terms. Given the evidence that low educational attainment is a risk factor for decreased hippocampal volume in later life, 23 we studied the effects of years of education as a potential confounder. Mediation effects were studied using the Sobel test. 24 The GLM, ANOVA and mediation analyses were run with the R statistical software package. To map the association between hippocampal shape and the variables of interest, independent models analogous to the ones described above for volume were fitted at each vertex of the hippocampus shape (2000 vertices in total for each statistical map). Multiple comparisons correction was performed by permutation testing using a set-level statistic, namely the number of vertices whose P value for the covariate of interest survived an initial uncorrected threshold of P50.01. 25 The experimental statistic (F or t) obtained from the observed map was then compared with a permutation-driven distribution. This distribution was generated under the null hypothesis of no association between local radial distance and the variables of interest by permuting the values of the predicted variable across participants, refitting the model with the permuted data and re-computing the statistic for the covariate of interest. 26 We used 10 000 iterations of this permutation procedure to test the overall statistical significance of the statistical maps. The corrected P value measures whether the whole pattern of association can be declared statistically significant. As T 1 imaging at 3 T strength does not allow sufficient resolution to resolve hippocampal subfields, the attribution of atrophy findings to specific subfields is approximate, based on previously published subfield atlases.
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Results
Patient and control groups were well matched for gender and age. The age range of participants covered the adult lifespan (19-82 years) . Those in the schizophrenia group were symptomatically stable (no acute episode in the past 6 months) and had been diagnosed with schizophrenia for a minimum of 2 years before scanning (mean 21.4 years). Three patients had a late onset of their illness (one at age 50 years, two at age 42 years). A complete description of the demographic, cognitive and clinical characteristics of the sample is provided in Table 1 and in online Table DS1 .
Effect of age on hippocampal volume and shape
There were differential effects of age on total hippocampal volume in the schizophrenia and control samples as indicated by a statistically significant age6group interaction effect (F = 6.57, d.f.(1) = 1, d.f.(2) = 95, P = 0.012). Linear age effects fitted to the two groups separately revealed a steeper decline of hippocampal volume with age (more negative slope) in the schizophrenia group relative to controls (Fig. 1) . Given previous evidence of non-linear structural changes, 30 as well as of non-linear age-related cognitive decline in older patients with schizophrenia, 31 we tested the presence of non-linear effects between age and hippocampal volume by comparing the above model (which assumed a linear effect of age) with models incorporating additional quadratic and cubic associations between age and hippocampal volume. The model with a quadratic relationship provided the best explanation of the relationship between age and hippocampal volume in schizophrenia, with a significantly better fit to the data than the model based on linear decline only (ANOVA for model As educational attainment is an independent predictor of hippocampal volume, we conducted a mediation analysis to investigate whether the effect of schizophrenia diagnosis on hippocampal volume could be explained by less education in the patient group. Education was not a statistically significant mediator of the relationship between schizophrenia and hippocampal volume (Sobel test Z = 1.40, P = 0.162), suggesting that at least some of the effects of the illness were independent of its effects on education. Similarly, adjusting by years of education did not alter the finding of a significant age6group interaction effect on hippocampal volume, whereby the schizophrenia group demonstrated a steeper decline with age, even when reduced education was taken into account (differential group6age effect in the adjusted model: F = 6.14, d.f.(1) = 1, d.f.(2) = 87, P = 0.015).
A sensitivity analysis was also conducted to assess the robustness of the above findings to operationally defined outliers (the analysis is described in the online supplement Method section); although the finding of a steeper linear decline in schizophrenia was robust to the deletion of extreme measurements, the presence of accelerating decline in older patients (significant quadratic effects) was not, and should therefore be treated with caution. Similarly, there was a statistically significant linear relationship between disease duration and hippocampal volume, whereas non-linear effects failed to reach significance. Finally, the analysis was repeated after normalisation for total grey-matter volume (instead of total intracranial volume). Again, there were differential linear effects of age on hippocampal volume in the schizophrenia group relative to controls (age6group interaction: F = 5.85, d.f.(1) = 1, d.f.(2) = 95, P = 0.017), suggesting that this association was not due to generalised effects of age and schizophrenia diagnosis on cortical atrophy, but reflected a specific hippocampal effect.
Three-dimensional shape analysis was employed to investigate the regional distribution of effects within the hippocampus. This analysis revealed areas of age-related accelerated atrophy in schizophrenia, compared with healthy controls, in the mid-body of the right hippocampus (approximating to the cornu ammonis or CA1, CA2/3), and to a lesser extent into its tail (see online Fig. DS2(a) , P50.001, permutation-corrected for Morphological shape analysis revealed that MMSE score in older patients with schizophrenia was associated with a distributed pattern of changes within the hippocampus (Fig. DS2(b) ; P = 0.013 for right hippocampus, P = 0.032 for left hippocampus, permutation-corrected for multiple comparisons). This pattern was similar to that expressing accelerated atrophy in schizophrenia ( Fig. DS2(a) ), but with further extension to right hippocampal head and left hippocampal tail. Finally, shape analysis also revealed that socio-occupational function (FAQ score) was associated with changes in hippocampi that were similar to those associated with MMSE score (Fig. DS2(c) ; P = 0.028 for right hippocampus, P = 0.066 for left hippocampus, permutationcorrected for multiple comparisons). The similarity in the patterns reinforces the possibility that these hippocampal regions are subserving aspects of cognition that are relevant to effective functional ability.
Discussion
Our study demonstrated a steeper reduction of hippocampal volume during adult life in schizophrenia than in healthy ageing. Volume loss in schizophrenia may also accelerate after age 50 years, although this later finding was not robust to outlier effects and should therefore be treated with caution pending confirmation. Hippocampal atrophy is strongly associated with global cognitive and socio-occupational functional impairments in older patients, but not with clinical symptoms or specific memory scores. Hippocampal volume loss during the first years of disease is one of the most consistent findings in schizophrenia research. 3, 5 In people with chronic schizophrenia hippocampal volume reduction appears to progress further than in those with first-episode disorder, 6 and correlates with illness duration. 7 Although 2-year rescanning has failed to identify changes in the hippocampus of patients with chronic illness, 8 a longer-term study by Koolschijn et al, 9 with an average follow-up period of 5 years, demonstrated ongoing hippocampal volume loss at a constant rate of atrophy over time in chronic schizophrenia. This longer-term study, however, did not find evidence for acceleration of volume loss with age in patients, perhaps because its findings were based almost exclusively on young and middle-aged patients. 9 Our study, which included a sample of patients at least 2 years after initial diagnosis and covered the adult lifespan into old age, also indicates that hippocampal volume reduction does occur in chronic stages of the illness, develops over decades and may accelerate in older patients (450 years). These effects in the hippocampus are not explained by the global effect of ageing on the cortex, and may therefore be at least partly specific to this brain region.
Hippocampus in older patients
One interpretation of our findings is that an early neurodevelopmental mechanism may be followed in later years by a subsequent component of possibly neurodegenerative aetiology, at least in a subgroup of patients. Injury during neurodevelopment and first-episode psychosis to the hippocampus may result in decreased brain reserve, which manifests itself as increased vulnerability to neurodegenerative processes in old age or even by increased negative effects of normal ageing processes. 10 Older patients with schizophrenia have a high risk of dementia, 11 and although post-mortem tissue studies have failed to demonstrate typical Alzheimer's disease or Lewy body neuropathology in schizophrenia, 11 new MRI evidence does suggest excessive neurodegeneration in older patients. Schuster et al have demonstrated significant reductions in grey-matter volume in elderly patients with schizophrenia compared with healthy controls in a network of regions inclusive of medial temporal cortex. 32 In addition, Prestia et al reported greater left hippocampal and amygdalar atrophy in elderly patients with schizophrenia relative to patients with Alzheimer's disease (ages 60-78 years). 33 Intriguingly, Rapp et al recently demonstrated a significant association between neuritic plaques and hippocampal neurofibrillary tangles and dementia severity in geriatric patients with schizophrenia but without a neuropathological diagnosis of Alzheimer's disease. 34 Finally, Casanova et al suggested a pathological substrate of limbic tauopathy that may be seen in up to a third of patients with early-onset schizophrenia. 35 Although the pathology of the dementing process has yet to be identified, our findings suggest that hippocampal changes may have an important role.
Our data point to a steeper gradient of hippocampal decline with age in people with the illness, which suggests a process of neurodegeneration associated with schizophrenia later in life. The aetiology of this process, however, could still be lower cognitive reserve in people with schizophrenia relative to age-matched controls. One determinant of cognitive reserve is education, and there is some initial evidence that vulnerability acquired earlier in life for hippocampal atrophy because of low education may express itself only later in life. 23 The finding of a steeper gradient in older patients, however, survived adjustment for education. Moreover, the mediation effects of education on the relationship between hippocampal volume and diagnosis were not statistically significant. This suggests that at least some of the effects of the illness on hippocampal volume in old age are independent of low educational levels earlier in the patient's life.
Hippocampus deformations
Hippocampal shape analysis was conducted to locate precisely the subregional pattern of age-related atrophy in schizophrenia compared with a healthy control group. In the right hippocampus there was evidence of accelerated shrinkage in the mid-body (approximately identified as CA1 and CA2,3) and to a lesser extent in the tail. In the left hippocampus age-related deformities were more limited, but also predominantly located in the mid-body with some extension towards anterior regions (identified as CA1 and subiculum). Bilaterally, then, the strongest age effects were seen predominantly in mid-body regions of the hippocampus, in a similar distribution to the changes described in previous studies of hippocampal shape in patients with first-episode and chronic disease. 4, 5 These subregional effects also overlap with the hippocampal regions previously linked to the functional changes involved in schizophrenia onset. 2 In addition, morphometric studies of the hippocampus in depression have highlighted atrophy in more posterior regions. 36, 37 This pattern of abnormalities is distinct from the one typically observed in Alzheimer's disease progression, which has an anterior-to-posterior progression with onset in the anterior hippocampus (head), as determined in follow-up studies of cognitively normal samples, 28 and of individuals with mild cognitive impairment who subsequently developed Alzheimer's disease. 12 Direct comparisons across illnesses, however, will be required to establish whether these effects are truly different. Our findings add to the neuropathological evidence reviewed above, suggesting that although the hippocampus may be an important substrate of schizophrenia-related dementia, the mechanisms involved are likely to be different from those present in Alzheimer's disease dementia. In our sample, ageing in schizophrenia was associated with more extensive right-sided hippocampal reduction. It has been suggested that right hippocampal atrophy preferentially reflects the chronic effects of schizophrenia, 6, 38 whereas left hippocampal atrophy would be more evident in very early stages of the illness. 39 Our findings are consistent with these previous results, although we were unable to test this laterality difference directly as all the participants in our schizophrenia sample were recruited at least 2 years after diagnosis.
Hippocampal atrophy and cognitive and clinical variables
There was a strong correlation between hippocampal morphometric abnormalities and measures of general cognition (vocabulary and MMSE score) in older patients with schizophrenia. Since these are measures of general cognitive functioning related to cortical functions, not just memory, this correlation may reflect the fronto-hippocampal disconnection documented in schizophrenia rather than the sole effects of hippocampal atrophy. 40 Testing this hypothesis in future studies will require assessment with instruments sensitive to frontal dysfunction, rather than general tools such as the MMSE. Contradicting our a priori hypothesis, however, we failed to find a significant association between decreased total hippocampal volume and specific memory deficits in patients (verbal encoding and retrieval), 1 which again is distinct from the findings in Alzheimer's disease in which hippocampal volume is strongly correlated with memory scores.
12,41 A necessary caveat is that this negative finding might be due to limited power rather than a true lack of association. There was a significant relationship between hippocampal shape and poor socio-occupational function as measured by the FAQ scores of elderly participants in the schizophrenia group, but no significant association was found between FAQ and age. The pattern of changes associated with poor FAQ score was similar to that associated with impaired general cognition (MMSE score), strongly suggesting that poor functioning in this sample is mediated by cognition. 42, 43 Taken together, these findings point to a role for hippocampal abnormalities as a biomarker for general cognitive decline and functional impairment in late-life schizophrenia.
Regarding the potential impact of antipsychotic medication on regional brain structure, we did not find a significant association between chlorpromazine equivalent dosages and hippocampal volume. Longitudinal studies in humans have contradictory results, 44, 45 which may be due to the difficulty of separating the effects of illness and its treatment. Animal evidence suggests that antipsychotic toxicity does not affect hippocampal cortices. 46 
Limitations
Although the cross-sectional findings presented here show robust evidence of association between age and worsening hippocampal abnormalities, definite confirmation requires longitudinal rescanning. In particular, the possibility of accelerated abnormalities in elderly patients, which may result in increased risk of dementia, needs to be confirmed in a longitudinal sample enriched with older patients to ensure sufficient power. Pending this confirmation, an alternative explanation of our findings is that patients with smaller hippocampi from disease onset may be more predisposed to chronic illness, and therefore overrepresented in the older patient group. Similarly, we cannot exclude an increased effect of vascular risk factors in older patients relative to controls, which could also result in reduced hippocampal volume. To our knowledge, the long-term impact of metabolic and other cardiovascular risk factors on brain structure has not been previously reported in schizophrenia. On the other hand, older patients and control groups are a selected (generally healthier) sample of all patients and controls, simply by virtue of surviving into old age.
The analysis of length of education in patients and controls in older and younger participants suggests that early deprivation was not a confounder through cohort effects (see online supplement Results section). However, the presence of unmeasured confounders, including cohort effects, cannot be excluded in an observational design. Finally, we found no evidence of a relationship between hippocampus volume and current antipsychotic dose, but it is possible that some of the differences in the atrophy rates of the patient and control groups are due to the lifetime use of antipsychotics, which we could not measure, rather than primary effects of the illness.
Study implications
People with schizophrenia experience hippocampal atrophy in excess of that observed in healthy ageing, with some evidence of further acceleration in older age. Hippocampal atrophy has a high degree of relevance for the expression of cognitive and socio-occupational deficits, particularly in older adults. Therefore, hippocampal atrophy may have a potential role as a biomarker for decline in late-life schizophrenia, and may be a key to clarifying the causes of the increased dementia risk in this population. Future studies, especially longitudinal research in geriatric samples, are needed to confirm these findings.
